
NASA-CR-197345

(NASA-CR-197345) THEGRETICAL
CALCULATIONS OF PRESSURE BROADENING
COEFFICIENTS FOR H20 PERTURBED BY

HYDROGEN OR HELIUM GAS Fina| Report
(Massachusetts Univ.) 44 p

G3125

Uncl as

0042596

Theoretical Calculations of Pressure Broadening Coefficients

for H20 Perturbed by Hydrogen or Helium Gas

Robert R. Gamache

and

James B. Pollack

Final Report

Contract No. NCC2-5029

January 1995

Prepared for

NASA-Ames University Consortium

clo Eleanor Figueroa

Mail Stop 223-9

Moffett Field, CA 94035-1000



o

TABLE OF CONTENTS

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

INTRODUCTION

THEORETICAL CALCULATIONS

CONVERGENCE OF THE INTERMOLECULAR POTENTIAL

ESTIMATED HALFWIDTHS

TEMPERATURE DEPENDENCE OF THE HALFWlDTHS

DISCUSSION

He-BROADENING OF H20

SUMMARY

REFERENCES

APPENDIX

,

4

8

9

11

12

14

15

16

20

LIST OF TABLES

TABLE

I

H

III

IV

V

VI

VII

Electrostatic moments for H20 and 1-12

Atom-atom Lennard-Jones (6-12) parameters

Calculated Halfwidths for H20 Broadened by H2 at 296 K

Measured and Calculated Halfwidths for the 22GHz line

Calculated Temperature Exponents for H20 Broadened by 1-12

Measured Halfwidths of H20 broadening by He

and Temperature Dependence

H20 broadening by He, N2, O2, CO2, and H2 and the Ratio

to the He-Broadened Value

page

24

24

25

33

34

35

36



LIST OF FIGURES

Figure

1

2

3

4

Calculated H2-broadenedhalfwidth for the 22 GHz line

of H20 asa function of order, Q, of the atom-atom

potential. Open circles and solid squarescorrespond to

T=293 and 300K.

Percent difference calculated minus estimated halfwidth

versus (J"+J')/2. Solid squaresand + symbol correspond

to averageand polynomial method respectively.

Calculated temperatureexponents (seeTable V) versusJ".

Calculated temperatureexponents (seeTable V) versus

Ka" for transitions with J"=5.

page

37

38

39

4O



ABSTRA_'r

Halfwidths were calculated for H20 with H2 as a broadening gas and

were estimated for He as the broadening species. The calculations used the

model of Robert and Bonamy with parabolic trajectories and all relevant

terms in the interaction potential. The calculations investigated the

dependence of the halfwidth on the order of the atom-atom expansion, the

rotational states, and the temperature in the range 200 to 400K. Finally,

calculations were performed for many transitions of interest in the 5 _tm

window region of the spectrum. The resulting data will be supplied to Dr.

R. Freedman for extracting accurate water mixing ratios from the analysis

of the thermal channels for the Net Flux experiment on the Galileo probe.
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1.0INTRODUC_ON

The atmospheres of the giant planets are made mostly of H2 and He,

the same constituents that are the dominant atomic constituents of the

Sun. This composition reflects the ability of the massive giant planets to

have gravitationally captured large amounts of gases from their birthplace

in the primordial soar nebula as well as solids (e.g., water) that were

eventually volatilized into heavier gases in their atmospheres. In contrast,

the terrestrial planets, such as Earth and Venus, contain atmospheric gases

derived almost exclusively from the solid component of the solar nebula.

By obtaining accurate estimates of the water abundance in the

atmospheres of the giant planets, we will be able to place important

constraints on the relatively efficiency with which they accumulated gases

and solids from the primordial solar nebula.

There are selected regions of the thermal infrared spectrum of the

giant planets, especially Jupiter, that are known to contain water vapor

features. One example is a portion of the so-called 5 micron "window".

However, when viewed from space, much of the emission comes from

altitude regions that are cold enough for water to follow approximately its

saturation vapor pressure curve and what is needed is its abundance in

the hotter, well mixed region below the water clouds. The Net flux

experiment (NFR) on the Galileo probe contains several broad band

channels that encompass water features and it will obtain data below the

water condensation region. Such measurements will be made during the

descent of the Galileo probe (built under the leadership of NASA Ames) in

early December, 1995. Ames collaborator James B. Pollack is a Co-



Investigator on the NFR experiment and is responsible for analyzing the

thermal channels of the NFR, including the ones containing water features.

In order to retrieve accurate estimates of water mixing ratio from

these data, it is essential that all relevant spectroscopic parameters of the

relevant water lines be well known. The data for the molecular absorption

parameters are that of Rothman et al. (1__) The molecular absorption data

for each spectral transition (line) consist of at least the resonant frequency,

line intensity, air-broadened halfwidth, and lower state energy. In

addition HITRAN (1) also contains the temperature dependence of the air-

broadened halfwidth, weighted transition moment squared, self-broadened

halfwidth, line shift, quantum identification of the transition and some

error and reference codes. While the line strengths and energy levels are

relatively well known, the pressure broadening half widths have major

uncertainties in them (at least a factor of several) that would limit water

abundance determinations severely. In particular, there is a gross

inadequacy in what the halfwidths are when H20 is being broadened by H2

and what the temperature dependence of this half width are. A similar

situation exist for water broadening by He, although estimates are

acceptable here because H2 broadening dominates. The temperatures of

interest are centered around room temperature and range from 200 K to

400 K. The pressures of interest are centered around 5-10 bars and range

from 1 to 20 bars. (2-4)

The effect of errors in the halfwidth on retrieved profiles has been

systematically investigated (5__) with the conclusion that inaccurate

collision-broadened halfwidth values lead to significant errors in retrieved

profiles. For the atmospheres of giant planets, such as Jupiter, the

broadening by H2 and He must be known.
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Only two measurements (6-7) of hydrogen-broadened halfwidths of

water vapor have been made. These were for the 22 GHz line of water

vapor (6 1 6 _5 2 3). To our knowledge there have been no theoretical

calculations. For He-broadening there has been slightly more work (6-11)

with a total of 11 lines having been measured and the temperature

dependence considered for some of the lines. (8-_.:A.L)This will allow a ratio

of H2 to He broadening to be estimated.

There are 4 dominant bands of water vapor in the 5gm region (-_

2000 cm-1); (010), (100), (020), and (001). Although the Watson constants

are known for these bands (12) the initial calculations of the wavefunctions

and energies for the states will consider the ground vibration state only.

This has been shown to introduce little error(13) in the determination of

the halfwidth for vibrational bands with only a few quanta of energy. The

parameters for the trajectory dynamics for the H20-H2 system were

determined. Calculations of halfwidth were performed for the lower state

rotational quantum numbers, J" and Ka", varying from 0 to 13 and 0 to 8,

respectively. The temperature dependence of the halfwidths was studied

over a range from 200-400 K. The results of these calculations were

compared with the experimental values.

Different methods to estimate the halfwidths for transitions not

considered in this study were investigated. Finally, we determine a

method for estimating halfwidth values for He-broadening of water vapor

using the measured or calculated values for other perturbing species.

While there are limitations on such a method, it does allow a guess at the

He-broadened values which may not be as critical due to the lesser amount

of this gas in the atmospheres of the planets.
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The database of broadening coefficients will be used by Dr. J. Pollack

for extracting accurate water mixing ratios from the analysis of the

thermal channels for the Net Flux experiment on the Galileo probe. It is

expected that these broadening parameters will greatly improve the

accuracy of the results.

2.0 THEORETICAL CALCULATIONS

The theoretical calculations made here are based on a fully complex

implementation of the theory of Robert-Bonamy (14__)(RB). Previous

attempts at the (Real valued) formalism applied to asymmetric rotor

molecules (_) contained errors in the development of the atom-atom

potential coefficients. These were corrected (1__8..)and some inconsistencies

in previous calculations (1_..9_3explained. The formalism presented here is

slightly different from Ref. 18 in that a more manageable expression is

employed for the atom-atom potential allowing more complete expansions

to be considered. A major difficulty in the RB method has been evaluating

Fourier-Laplace transforms of correlation functions, which arise in the

theory because of the semiclassical treatment of translational motion.

Computer-assisted algebraic methods have proved very useful in

addressing this. Emphasis throughout is placed on generality, insofar as

the formulas are complex-valued (yielding line shifts as well as widths)

and for the most part suitable for any pair of colliding molecules.

The intermolecular potential appears in the theory as a spherical

tensor expansion in the intermolecular separation R,

V(a"_'=_)(t) _ v_m mq Dhm_ (_1)I312 (ff22)--- ., , -rift -1"/12

----) Rq (1)
lm
mq
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The D's are components of spherical tensors (Wigner rotation matrices (20))

as given by Gray. (21) Symbols _1 and f22 specify the orientation of the

molecule-fixed frame within the conventional "R-frame". (22) Coefficients

v_mrnq depend on how the molecules are situated within the molecule-fixed

frame. In the present calculations, water vapor is taken in the I R

representation (23) and N2 lies along the z-axis.

The radial parts of Eq. (1) are not the most general form, but suffice

to describe both electrostatic and atom-atom Lennard-Jones interactions.

The electrostatic potential is the usual expansion (21-22) of the charge

distribution in terms of the electric moments of the molecules, e.g. dipole-

dipole, dipole-quadrupole, etc.

velec
1,2 = V_tfl_2 + V_tl0'2 + V0'tlx2 + V0"11_2 + V0'10'2 + Vo"10'2 + .... (2)

Here the contributing terms are the dipole(H20)-quadrupole(H2) and

quadrupole(H20)-quadrupole(H2) interactions. The values of the dipole

and quadrupole moment components of H20 were taken from Ref. 24 and

the quadrupole moment of H2 was taken from Ref. 25. In the derivation of

atom-atom coefficients, it is convenient to define an order Q of the atom-

atom expansion as

with q0 typically 6 or 12.

Q=(q-q0) (2)

In previous formulations, expressions for

anisotropic atom-atom coefficients v/mmq have been obtained explicitly to

order Q=4, using for example the algebraic method of Labani et al. (15-17)

The orders required here, Q=8 or more, are high enough to make that

method cumbersome, even with computer assistance.(l_.8) Therefore we

use the expressions derived by Sack (26) and Downs et al. (27) (see also
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Gray (21)), repeated in the Appendix in slightly modified form as Eq. (A.1).

A static, zero-rank expansion of the atom-atom potential (/1 and 12 both

zero) defines the isotropic potential used to compute the translational

motion of the molecules.

The expression for the half width coefficient at half height in RB

theory is

In2 _- P2 vf(v) dv 2_b Sif(b,v,d2) db
(_if =('Yif'i_if)=E_cp 2

(6)

where v is the relative velocity of the two molecules, b the impact

parameter, n2 the number density of the perturber gas, and p the

pressure. The observed half width is assumed to be a linear function of

pressure, t_ifobs=p_if. We assume the mean relative thermal velocity

approximation, replacing the Maxwell-Boltzmann distribution f(v) by

5(v-_), where _ is the average relative velocity. The interruption function,

Sif, is given by

Sif(b,v,J2) = 1- e "(s2,i2 + s2.r_+ s2.r_i2+ s_._+ sl.,) (7)

The components $2,i2, etc., are complex-valued analogs of terms familiar

from ATC (28-29) theory. Both "outer" terms $2,i2 and $2,f2 and "middle"

term $2,f2i2 are expressed in terms of resonance functions F and reduced

Liouville matrix elements D,
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s2,i2= 1 E
,_2[Ji] [S2]i', 2'

lmam b /mam b
D ii,i'i' F (co)

22,2'2'

(8)

lmam 
S2,f2i2 = -2 Z E D if,if

1)2[J2] 2' imam b 22,2'2'

Ji Ji ll }Flmarnb(co)(-}l+J'+Jf+t'{jf jf J

(9)

where $2,f2 is obtained from Eq. 8 by the substitutions i->f and i'->f'. We

a a

use the notation [J]-2J+l, ma=ml,m2 etc., and {::'} indicates a Racah

coefficient. Complex-valued expressions for F and D suitable for any

molecular pair are given in the Appendix.

The exponential form of Eq. (7) comes about as a result of a cumulant

formulation of the perturbation expansion for the collision. (30) Because of

it, imaginary parts of S affect not only the shift, but the width as well, an

effect not achieved in ATC theory.

As stated above, some difficulty arises in the evaluation of the

integrals over translational degrees of freedom, Eq. (A.8), because of the

large orders and tensorial ranks required. In the appendix we describe a

computer-assisted method for finding the real parts of Eq. (A.8) in the

parabolic approximation of RB. Imaginary parts of $2 were initially

obtained by numerical integration of the intermolecular equations of

motion, but found to be insignificant compared to the contribution of S1

obtained by Eq. (4). Therefore only the real parts of $2 are calculated

according to the parabolic approximation. Techniques for evaluating the

fully complex integrals in the parabolic approximation are described

elsewhere. (3__!.)
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3.0 CONVERGENCE OF THE INTERMOLECULAR POTENTIAL

Values of electrostatic moments for H20 and H2 are given in Table I.

The Lennard-Jones parameters necessary for the atom-atom component of

the potential can be determined by fitting virial data (_L2_)or by using

combination rules. Because of a lack of virial data for the H20-It2 system,

combination rules (2_2_)were used to obtain hetero-atomic Lennard-Jones

parameters (ellS, CHN, etc.) from homo-atomic ones quoted by Bouanich (3_2.)

(EHH, <JHH, etc.), with results given in Table II. The isotropic Lennard-Jones

parameters ¢iso and _iso, are derived from these atom-atom parameters by

formal expansion. No attempt has been made to optimize them to improve

the match with experimental line widths, although such adjustments would

certainly be justified considering their probable uncertainties.

(

For the atom-atom interaction, there is the concern of convergence

with respect to the order Q=(q-q0). Within the present perturbative

framework, higher values of Q correspond to smaller intermolecular

separations. Therefore convergence of calculated line widths with respect

to Q carries information about the intermolecular distances involved. For

systems with weak electrostatic moments higher orders of Q become

necessary. Convergence results are displayed in Fig. 1 for the 22 GHz

transition at 293 (open circles) and 300 K (solid squares). Plotted are the

calculated halfwidth versus the order Q used in the calculation clearly

demonstrating that orders of at least Q=8 are required for satisfactory

convergence. These observations suggest a large role played by the closest

range (repulsive) part of the atom-atom potential which is expected for

this system given the value of the quadrupole moment of H2. This effect



has been discussed in a study (33) of CI-I4 in collision with N2. In the

calculations that follow, the order of Q has been set to 8 with maximum

values of ll and 12 set at 2.

All transitions for the principal isotopic species of water vapor in the

region 1500-2500 cm -1 were selected from the HITRAN database.(l__) This

resulted in 2356 transitions. From this group, transitions with an intensity

greater than 1. xl0 -23 cm-1/molecule cm -2 and J"< 13 were selected.

Because the calculations neglect the vibrational dependence, only lines

with unique sets of rotational quantum numbers were retained. (Note, the

interchange of the upper and lower quantum numbers was considered.)

This gave a list of 377 transitions which was expanded to consider a

greater range of Ka" values yielding 626 transitions for this spectral region.

Calculations were made for these transitions of water vapor at T=296K.

The results of the calculations are in Table III.

Calculations were also made for the 22 GHz line of water vapor at

293 and 300 K to compare with the measurements of Liebe and Dillon (__)

and Kasuga et al. (7) These are compared with the experimental

measurements in Table IV.

4.0 ESTIMATED HALFWIDTHS

The halfwidths of some 626 transitions of water vapor were

calculated. For application to radiative transfer studies all the lines of

significant absorption within the spectral range must be known. Since one

is dealing with large optical paths, even weak optical transitions must be

accounted for. For a typical atmospheric path length of 10 km with 2%
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H20, transitions with integrated intensities greater than about 10-27

cm-1/(moleculeocm -2) have to be accounted for according to a 1%

transmission at line center criterion. This roughly leads to lower state

energies, for lines of the rotational band, up to 4500 cm -1 and J and Ka

quantum numbers up to 20 and 15, respectively. Hence there is a need to

approximate the halfwidths for the transitions that have not been studied.

Because previous works only provided the H2-broadened halfwidth

for the 22 GHz line of water vapor values for all other transitions could

only be guessed at. This is usually done (34-35) by scaling values derived

for some other perturbing species such as N2 or air. Such procedures can

only yield approximate values for transitions where the halfwidth for

another perturbing species is known. Often default values must be used.

Better estimates of the halfwidth are provided by the procedure described

below.

Two different methods for estimating halfwidths were considered

First, a simple average of the halfwidth as a function of (J"+J')/2 was

made. Second, a polynomial in J" and Ka" was used to fit the calculated

halfwidths. The polynomial expression employed by Gamache et al. (_6_)

was used

/T,,, +,_2 _dKa"+Ka'l
y(poly) = b0 + bl,qJ"+J'/2 ! + b2*_a-_J + b3_ 2 ] " (9)

The coefficients were obtained by least-squares fitting to the calculated

data resulting in the following coefficients; b0 = 0.098 096,

bl = -0.409 31 10 -2 , b2= 0.120 91 10 -3 , and b3=0.553 12 10 -3 .

The halfwidths from the averaging procedure and from the

polynomial were compared with the calculated results. The average
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percent difference (APD), the average absolute percent difference (AAPD),

and the minimum and maximum percent differences were calculated as a

function of (J"+J')/2. The AAPD for all the lines studied is 5.3% for both

methods and the maximum and minimum percent differences are 13 and

-22% for the averaging method and 12 and -25% for the polynomial

method. In Fig. 2 the percent difference versus (J"+J)/2 is plotted for the

averaging method (dots) and the polynomial method (+ symbol). Note the

polynomial results are shifted on the (J"+J)/2 axis in order to better

compare the methods. The figure gives an estimation of the range of error

one might expect when using the methods to predict halfwidths that have

not been calculated. The AAPD results indicate that both methods are

quite similar. Because the polynomial is limited to only the fit range, the

results are similar, and for speed of calculation, the averaging method is

recommended for determining halfwidths not listed in Table III.

5.0 TEMPERATURE DEPENDENCE OF THE HALFWIDTHS

The temperature dependence of the halfwidths was considered.

Twenty transitions from J"=1 to 9 and Ka"=0 to 7 were chosen to study the

structure of the temperature exponent as a function of J" and Ka".

Calculations of the halfwidth were made at the temperatures 200, 250,

296, and 400 K. The temperature dependence of the halfwidth is taken as

(37)

7(T) = 7(T0)IT^i[_.Lg__]n
_T/ , (11)
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where the reference value (To) was taken at 296K, however changing the

reference temperature has no effect on the results. The calculated

halfwidths at the four temperatures studied were fit to Eq. (1) to give the

temperature exponent, n, and the correlation coefficient of the fit. The

resulting correlation coefficients indicated Eq. (11) was valid to describe

the temperature dependence in the range considered. The calculated

temperature exponents are given in Table V. Figure 3 displays the

variation of n as a function of the initial rotational state quantum numbers

and Figure 4 is the temperature exponent versus Ka" for the transitions

with J"=5. The temperature exponents are transition dependent and range

roughly from 0.3 to 0.6. From Figs. 3 and 4, it can be concluded that it is

difficult to predict the temperature exponent of a particular transition

based on the n values from other transitions.

6.0 DISCUSSION

Table IV is a comparison of the 8 th order calculations with the

measurements of Liebe and Dillon (fz) and Kasuga et al. (7) for the 22 GHz

line of water vapor. The measurement of Liebe and Dillon was made at

300 K with a reported uncertainty of 2.5%. The work of Kasuga et al. was

done at 293 K with an uncertainty of 11% for H2-broadening. It is worth

noting that the measurements do not display the proper temperature

dependence even if the uncertainties are considered. These measurements

imply a temperature exponent of -0.15 compared with the calculated value

of 0.47 and a kinetic theory value of 0.5. The calculated value at 300 K

shows very good agreement (< 1%) with the measurement of Liebe and

12



Dillon, (_ however the value calculated at 293 K compared with the value

of Kasuga et al. (2_) shows a -20% error. The problem noted in the

measurements make them difficult to use as a gauge for the reliability of

the calculations.

The RB theory employed in these calculations of halfwidths for H20

may have several short comings. Although the atom-atom potential was

carried to 8 th order, Fig. 1 suggest that there are small contributions from

higher order. The current theory is expected to be more suspect as the

energy gap between coIlisional states increases. This varies as a functions

of the rotational state and as J" increases the uncertainty of the calculation

will also increase. The calculations employed only the real part of the

interruption functions, however for a ground state calculation this should

not add significant uncertainty. For transitions with or _< 6 an average

uncertainty of +5% with maximum uncertainty less than 15-20% might be

expected. The transitions with or > 6 considered here should have an

average uncertainty less than +10% with maximum uncertainty less than

35%. These values should be taken only as an estimate for error analysis.

The theory of Robert and Bonamy only considers the first term in the

expansion of the density and as such will not be applicable to pressures

greater than a few bars. Also the theory only considers the diagonal term

in the relaxation matrix (3_8_) thus the effects of line mixing are neglected as

well. These calculations are however the first step in understanding the

line shape for H20 in collisions with H2.
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7.0 He-BROADENING OF H20

In Table VI the measured values of the He-broadened halfwidth of

water vapor are presented for all transitions studied. When available the

temperature coefficient is also given. With this data we can form ratios to

halfwidths for other perturbing species in order to estimate the He-

broadened values. Because of the rather large uncertainties and the

temperature of the study of Ref. (ILL), the last seven entries in the table,

these data will not be considered in the analysis. Table VII gives the three

remaining transitions for He-broadened data and the coresponding

halfwidth and ratio with other broadening species. The experimental data

of Table VI has been corrected to 296 K using the temperature exponents

listed in the table. The rotational state quantum numbers (upper and

lower) are labeled 1, 2, and 3 in Table VII and correspond to the

transitions 3 1 3e--2 2 0,4 4 1_3 2 1, and 6 1 6 _5 2 3 respectively. All

ratios are the He-broadened value divided by the value for the particular

perturbing species and all halfwidths are in units of cm-1/atm at 296K.

Other values in the table are calculated values from Ref. (39) for N2- and

O2-broadening, from Ref. (36)for CO2-broadening, and from this work for

H2-broadening. The ratios show roughly a 30% variation. Given this and

the few lines considered the uncertainty of 50% might be assigned in the

scaled He-broadened values.
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8.0 SUMMARY

A database of H2-broadened halfwidths of water vapor transitions

were calculated with particular interest for the 5 gm "window" region. A

total of 626 transitions were studied for rotational states of H20 from J"=0

to 13 and Ka=0 to 8. Comparison with two measurements display both

good and poor agreement, however the measurements do not appear to be

in agreement with each other unless the temperature exponent is negative.

Thus, there differences in the measurements that are yet to be explained.

The temperature dependence of the halfwidth was calculated for 20

transitions from ,I"=1 to 9. In order to better assess the reliability of these

calculations it is suggested that measurements be made on a number of

transitions studied in this work and the temperature dependence studied

for several transitions.

The data calculated in this report will be delivered to R. Freedman

for use in the reduction of the NFE data.

A manuscript on this work is being prepared for submission to a

refereed journal.
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APPENDIX

Coefficients of the atom-atom potential are given by (2-_.6_:2_73

with

vlm nq = A B (A.la)

A = (- 1)z=_ (4_)2 1

(211+1}(212+1) (2J_.) (21_)
Ii 12

1_2 [..q_.9_) (q0-1 / (A+ _'-_}w (_" +q0"l/
l=lt_.t21_ 2 A _ 2 1_. 2 /_,

C (11 121; 0 0 O) C (ll 12 I; m -m O)

(A.lb)

and

• • w,2 r/t+w+z ll3-h+w'z

B = _ dal3(q0) Yl,m,(Coct) Yl2m2(C%) £

_[3 Z='W(/1+-3- ) (12+3 ) [W+Z/I W'Z I

2 2

(A.lc)

where (...)_, is a displaced factorial. (2_.7_) In Eq. (1) in the text, the sum over

variable q is implicitly defined by

q=(q0+Q), Q=ll+12+2w (A.2)

Reduced matrix elements in S2,i2 are given by

22,2'2'

= < illDt_,m]lli'>< illlJ,_,rrt_lli'>*< 2111J,=_112'>< 211Dt_m_ll2'> * (A.3)

Reduced matrix elements in $2.f2i2 are given by
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lman_
D if,if = <_ ilID_m_lli>< fllI3/*_rr_llf>*< 211I_*_/_112'><: 211DiSraeli2'> * (A.4)

22,2'2'

Reduced Hilbert-space matrix elements appearing above are defined by

( Ji'l;iMi ldm,J Ji,'_i ,M i,)- (-)Mi+Ji ( J i J i'
Mi -Mi'

l ) (JizillD./mll ji,,t:i, ) (A.5)-m

Complex-valued resonance functions are given by

F Im'mb(co) = 1
[ll][12] m'

n,.bq,.b

(vTm.n'_')"(v_m_n_._)_rmo.._%__ (A.6)

The sum over m' comes about from the transformation from R-frame Euler

angles (_) of Eq. (1) to laboratory frame angles (0). Requiring

intermolecular motion in the x-z plane,

a = ,co, ,i, = (0,¥,0) (A.7)

leads to

{ li 12 ! 12
5r d n'm'l(_) d-n'm'2(xll)/ ,/d n½m'l('q/) d-nbm'2(Xl/)//

G _m nanbqaqb = Rq a J [' Rq-ff j}
(A.8)

where F is the Fourier Laplace transform of a correlation function
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I fY(a,b)- eiC°tdt a*(t'-t) b(t') dt (A.9)

Real parts of q are expressed as products

G lm nanbq_b(co) =(1 / 2) glm' naq a *(CO) g/m' nbqb(co) (A.IO)

where

....., f" 11 .12 ,
g/m' nq (co) = dt e it°t dnm'l (V) °-nm 2 (V)L R q

(A.1 1)

In practice, tensors d/mn are represented as sums of the form

dtmn(V) = _ tjsinSj(v)cosej(V). (A.12)

J

Computer representation of these sums is accomplished via FORTRAN

structures, in which we keep track of values of tj, sj, and c/ for each

function dlmn. Products d/mnxd/'m'n ' appearing in Eq. (A.11) are

represented as the same structure, using a heapsort algorithm (40)to

collect like values of sj, and cj and thereby compress the representation.

As the RB parabolic approximation (sin(v)=Vct/R(t), etc.) honors the

identity cos2+sin2=l only to second order in time, final relations using the

approximation are not unique. We employ the substitution cos2=l-sin 2 in

product structures d/mnxd/'m'n' for all entries in which cj >1. After these

manipulations, Eq. (A.11) is expressed as a sum of terms of the form
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_(co) =_._

which have the formal solution

e ic°t trn dt

(l+t2)v + 1/2

(A.12)

_ 2(-i) TM /______lm/coVKv(co)]._co_
(2v-l)!! _acol' '

(A.13)

In a similar spirit to the representation of dlmn, these are represented as

structures of the form

ajcoP_Ko_(co) (A.14)

J

in which we keep track of aj, pj, and oj. Derivatives are added to the

representation using (4_.13

I(v(co) = -Kv-l(co) - v_v_Kv(co) (A.15)
cO

The final step is evaluation of structures such as Eq. A.14 at particular

frequencies co. Numerical stability of the final formulas is greatly

improved by replacing higher order Bessel functions with lower order ones

using the usual identities. (4_i)
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TABLE I. Electrostatic moments for H20, H2

Molecule Mulitipole Reference

H20

H2

!.t=1.8549xl0 -18esu 24

_xx=-0.13 xl0 -26esu 24

_yy=-2.5 xl0 -26esu 24

q)zz=2.63 xl0 -26 esu 24

Ozz=-0.616 xl0 -26 esu 25

TABLE II. Atom-atom Lennard-Jones (6-12) parameters

Pair e/I,[ o/Angstrom

H-N 20.5 3.0

C-N 34.3 3.45

Isotropic 119.3 3.838
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TABLE III. Calculated Half-Widths for H20 Broadened by H2 at 296 K

J' Ka' Kc' J" Ka" Kc"
1 0 1
1 1 1
1 1 0
2 0 2
2 1 2
2 2 0
2 1 1
2 2 1
1 1 0
2 0 2
2 1 2
2 2 0
2 1 1
2 2 1
3 0 3
3 1 3
3 2 1
3 3 1
2 2 0
3 1 2
3 2 2
3 3 0
2 1 1
2 2 1
3 0 3
3 1 3
3 2 1
3 3 1
3 0 3
3 1 3
3 2 1
3 3 1
2 2 0
3 1 2
3 2 2
3 3 0
3 1 2
3 2 2
3 3 0
4 0 4
4 1 4
4 2 2

0 0 0

0 0 0

1 0 1

1 0 1

1 0 1

1 0 1

1 1 0

1 1 0

1 1 1

1 1 1

1 1 1

1 1 1

2 0 2

2 0 2

2 0 2

2 0 2

2 0 2

2 0 2

2 1 1

2 1 1

2 1 1

2 1 1

2 1 2

2 1 2

2 1 2

2 1 2

2 1 2

2 1 2

2 2 0

2 2 0

2 2 0

2 2 0

2 2 1

2 2 1

2 2 1

2 2 1

3 0 3

3 0 3

3 0 3

3 0 3

3 0 3

3 0 3

0.103

0.101

0.096

0.097

0.097

0.098

0.096

0.090

0.097

0.099

0.098

0.094

0.098

0.096

0.093

0.092

0.096

0.095

0.093

0.096

0.092

0.090

0.097

0.095

0.093

0.092

0.095

0.094

0.096

0.095

0.089

0.081

0.087

0.093

0.088

0.081

0.094

0.092

0.093

0.087

0.086

0.093

J' Ka' Kc' J" Ka" Kc"

4 3 2

3 2 1

3 3 1

4 1 3

4 2 3

4 3 1

4 4 1

3 1 2

3 2 2

3 3 0

4 0 4

4 1 4

4 2 2

4 3 2

4 4 0

3 3 0

4 0 4

4 1 4

4 2 2

4 3 2

4 4 0

3 2 1

3 3 1

4 1 3

4 2 3

4 3 1

4 4 1

4 1 3

4 2 3

4 3 1

4 4 1

3 3 0

4 0 4

4 2 2

4 3 2

4 4 0

4 1 3

4 2 3

4 3 1

5 0 5

5 1 5

5 2 3

3 0

3 1 2

3 1 2

3 1 2

3 1 2

3 1 2

3 1 2

3 1 3

3 1 3

3 1 3

3 1 3

3 1 3

3 1 3

3 1 3

3 1 3

3 2 1

3 2 1

3 2 1

3 2 1

3 2 1

3 2 1

3 2 2

3 2 2

3 2 2

3 2 2

3 2 2

3 2 2

3 3 0

3 3 0

3 3 0

3 3 0

3 3 1

3 3 1

3 3 1

3 3 1

3 3 1

4 0 4

4 0 4

4 0 4

4 0 4

4 0 4

4 0 4

3't
0.091

0.093

0.090

0.093

0.089

0.090

0.089

0.093

0.090

0.092

0.086

0.085

0.092

0.089

0.092

0.085

0.091

0.090

0.091

0.086

0.084

0.089

0.085

0.090

0.086

0.085

0.084

0.090

0.085

0.080

0.073

0.076

0.091

0.087

0.080

0.073

0.089

0.085

0.089

0.080

0.080

0.090

t in units of cm-1/atm.



TABLE III. Calculated Half-Widths for H20 Broadened by H2 at 296 K

J' Ka' Kc' J" Ka" Ke"

3 4

2 4

2 4

0 4

4 4

4 4

2 4

2 4

3 4

3 4

1 4

1 4

5 4

5

3

3

1

1

1

5

5

3

3

1

2

2

4

4

2

2

0

4

4

2

2

0

1

1

5

5

3

3

5 3

4 2

4 3

4 4

5 1

5 2

5 3

5 4

4 1

4 2

4 3

4 4

5 0

5 1

5 2

5 3

5 4

4 3

4 4

5 0

5 1

5 2

5 3

5 4

4 2

4 3

5 1

5 2

5 3

5 4

4 4

5 1

5 2

5 3

5 4

5 5

4 3

4 4

5 0

5 1

5 2

5 3

0

1

1

1

1

1

1

1

1

1

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

7'
4 0.085

3 0.091

3 0.088

3 0.088

3 0.089

3 0.086

3 0.089

3 0.087

4 0.088

4 0.084

4 0.088

4 0.090

4 0.079

4 0.078

4 0.089

4 0.084

4 0.087

2 0.087

2 0.086

2 0.088

2 0.087

2 0.091

2 0.086

2 0.085

3 0.087

3 0.083

3 0.085

3 O.O82

3 O.084

3 0.083

1 0.079

1 0.087

1 0.083

1 0.083

1 0.080

1 0.079

2 0.082

2 0.078

2 0.086

2 0.085

2 0.087

2 0.081

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

2

2

2

3

3

3

3

3

3

3

3

3

3

3

3

J' Ka' Kc'

5 4 1

5 5 1

5 3 3

5 4 1

5 5 1

4 4 0

5 1 4

5 3 2

5 4 2

5 5 0

5 1 4

5 2 4

5 3 2

6 0 6

6 1 6

6 2 4

6 3 4

5 2 3

5 3 3

5 4 1

6 1 5

6 2 5

6 3 3

6 4 3

6 6 1

5 1 4

5 2 4

5 3 2

5 4 2

6 0 6

6 1 6

6 2 4

6 3 4

6 4 2

5 3 2

5 4 2

6 0 6

6 1 6

6 2 4

6 3 4

6 4 2

6 5 2

J" Ka"

4 3

4 3

4 4

4 4

4 4

4 4

4 4

4 4

4 4

4 4

5 0

5 0

5 0

5 0

5 0

5 0

5 0

5 1

5 1

5 1

5 1

5 1

5 1

5 1

5 1

5 1

5 1

5 1

5 1

5 1

5 1

5 1

5 1

5 1

5 2

5 2

5 2

5 2

5 2

5 2

5 2

5 2

KC tt 7t
2 0.079

2 0.079

0 0.080

0 0.075

0 0.069

1 0.070

1 0.087

1 0.081

1 0.075

1 0.069

5 0.083

5 0.080

5 0.085

5 0.074

5 0.074

5 0.086

5 0.081

4 0.089

4 0.084

4 0.085

4 0.084

4 0.082

4 0.087

4 0.084

4 0.092

5 0.083

5 0.079

5 0.085

5 0.085

5 0.073

5 0.073

5 0.085

5 0.080

5 0.084

3 0.088

3 0.086

3 0.085

3 0.085

3 0.090

3 0.085

3 0.086

3 0.087

t in units of cm-1/atm.



TABLE HI. Calculated Half-Widths for H20 Broadened by H2 at 296 K

J' Ka' Kc' J" Ka" Kc''_
5 2 3
5 3 3
6 1 5
6 2 5
6 3 3
6 4 3
5 4 1
6 1 5
6 2 5
6 3 3
6 4 3
6 5 1
6 6 1
5 3 2
5 4 2
5 5 0
6 0 6
6 2 4
6 3 4
6 4 2
6 5 2
5 5 0
6 2 4
6 3 4
6 4 2
6 5 2
5 4 1
5 5 1
6 1 5
6 3 3
6 4 3
6 5 1
6 4 3
6 5 1
6 6 1
5 5 0
6 4 2
6 5 2
6 6 0
6 1 5
6 2 5
6 3 3

5 2 4
5 2 4
5 2 4
5 2 4
5 2 4
5 2 4
5 3 2
5 3 2
5 3 2
5 3 2
5 3 2
5 3 2
5 3 2
5 3 3
5 3 3
5 3 3
5 3 3
5 3 3
5 3 3
5 3 3
5 3 3
5 4 1
5 4 1
5 4 1
5 4 1
5 4 1
5 4 2
5 4 2
5 4 2
5 4 2
5 4 2
5 4 2
5 5 0
5 5 0
5 5 0
5 5 1
5 5 1
5 5 1
5 5 1
6 0 6
6 0 6
6 0 6

yt
0.086

0.080

0.080

0.078

0.083

0.080

0.081

0.084

O.O82

0.085

0.081

0.082

0.085

0.082

0.079

0.081

0.081

0.085

0.079

0.080

0.080

0.075

0.085

0.080

0.078

0.077

0.077

0.075

0.084

0.083

0.078

0.077

0.078

0.074

0.070

0.069

0.078

0.074

0.O70

0.078

0.075

0.083

J' Ka' Kc' d" Ka" Kc"

7

7

7

7

6

6

6

7

7

7

7

6

6

6

7

7

7

7

0 7

1 7

2 5

3 5

2 4

3 4

4 2

1 6

2 6

3 4

4 4

1 5

2 5

4 3

0 7

1 7

2

3

4

3

4

1

2

3

4

2

3

4

1

2

3

4

5

4

1

2

3

4

5

3

4

6

7

6

6

7

7

7

7

6

6

6

7

7

7

7

7

6

7

7

7

7

7

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

5 6

5 6

3 6

3 6

3 6

7 6

5 6

5 6

3 6

4

4

2

6

6

4

4

2

2

6

6

4

4

2

3

3

1

0

0

0

0

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

6 2

6 2

6 2

6 2

6 2

6 2

6 2

6 2

6 3

6 3

6 3

6 3

6 3

6 3

6 3

6 3

6 3

6

6

6

6

5

5

5

5

5

5

5

6

6

6

6

6

6

6

6

0.069

0.069

0.082

0.077

0.086

0.081

0.083

0.079

0.078

0.085

0.081

0.078

0.075

0.081

0.069

0.069

0.082

0.077

0.082

4 0.088

4 0.084

4 0.083

4 0.088

4 0.083

4 0.085

5 0.084

5 0.078

5 0.080

5 0.076

5 0.075

5 0.083

5 0.079

5 0.081

3 0.083

3 0.083

3 0.082

3 0.086

3 0.082

3 0.083

4 0.082

4 0.079

4 0.084

t in units of cm-1/atm.



TABLE III. Calculated Half-Widths for H20 Broadened by H2 at 296 K

J' Ka' Kc' g" Ka" Kc"

7 0

7 2

7 3

7 4

7 5

6 5

7 3

7 4

7 5

6 4

6 5

7 1

7 3

7 4

7 5

6 6

7 4

7 5

7 6

6 5

6 6

7 4

7 5

7 6

7 5

7 6

7 7

6 6

7 3

7 5

7 6

7 7

7 1

7 2

7 3

8 0

8 1

8 2

8 3

7 2

7 3

7 4

7 6

5 6

5 6

3 6

3 6

1 6

5 6

3 6

3 6

2 6

2 6

6 6

4 6

4 6

2 6

0 6

4 6

2 6

2 6

1 6

1 6

3 6

3 6

1 6

3 6

1

1

0

4

2

2

0

6

6

4

8

8

6

6

5

5

3

3 4

3 4

3 4

3 4

3 4

4 2

4 2

4 2

4 2

4 3

4 3

4 3

4 3

4 3

4 3

5 1

5 1

5 1

5 1

5 2

5 2

5 2

5 2

5 2

6 0

6 6 0

6 6 0

6 6 1

6 6 1

6 6 1

6 6 1

6 6 1

7 0 7

7 0 7

7 0 7

7 0 7

7 0 7

7 0 7

7 0 7

7 1 6

7 1 6

7 1 6

Tt
0.078

0.082

0.078

0.080

0.080

0.078

0.079

0.080

0.079

0.078

0.078

0.080

0.083

0.078

0.078

0.076

0.079

0.078

0.077

0.076

0.076

0.080

0.078

0.077

0.079

0.075

0.070

0.071

0.088

0.079

0.075

0.070

0.073

0.072

0.082

0.066

0.066

0.078

0.074

O.082

0.077

0.080

J' Ka' Kc' J" Ka" Kc"

8 1 7

8 2 7

8 3 5

8 4 5

7 1 6

7 2 6

8 0 8

8 1 8

8 2 6

7 3 4

7 4 4

7 5 2

8 1 8

8 2 6

8 3 6

8 4 4

8 5 4

7 2 5

7 3 5

7 4 3

8 1 7

8 2 7

8 3 5

8 4 5

7 4 3

8 1 7

8 2 7

8 3 5

8 4 5

8 5 3

7 3 4

7 4 4

7 5 2

8 0 8

8 2 6

8 3 6

8 4 4

8 5 4

7 5 2

8 2 6

8 3 6

8 4 4

7 1 6

7 1 6

7 1 6

7 1 6

7 1 7

7 1 7

7 1 7

7 1 7

7 1 7

7 2 5

7 2 5

7 2 5

7 2 5

7 2 5

7 2 5

7 2 5

7 2 5

7 2 6

7 2 6

7 2 6

7 2 6

7 2 6

7 2 6

7 2 6

7 3 4

7 3 4

7 3 4

7 3 4

7 3 4

7 3 4

7 3 5

7 3 5

7 3 5

7 3 5

7 3 5

7 3 5

7 3 5

7 3 5

7 4 3

7 4 3

7 4 3

7 4 3

Tt
0.074

0.073

0.082

0.078

0.073

0.072

0.066

0.066

0.078

0.086

0.082

0.084

0.080

0.084

0.080

0.084

0.083

0.081

0.076

0.079

0.072

0.072

0.081

0.076

0.084

0.081

0.081

0.086

0.082

0.083

0.082

0.078

0.080

0.075

0.079

0.076

0.080

0.079

0.080

0.082

0.078

0.081

t in units of cm-1/atm.



TABLE HI. Calculated Half-Widths for H20 Broadened by H2 at 296 K

8' Ka' Kc' 8" Ka" Kc"

8 5

7 4

7 5

8 1

8 3

8 4

8 5

7 6

8 4

8 5

8 6

7 5

7 6

8 4

8 5

8 6

7 7

8 5

8 6

8 7

7 6

7 7

8 5

8 6

8 7

8 6

8 7

8 8

7 7

8 7

8 8

8 1

8 2

8 3

9 0

9 1

9 3

8 2

8 3

8 4

9 1

9 2

4 7

3 7

3 7

7 7

5 7

5 7

3 7

1 7

5 7

3 7

3 7

2 7

2 7

4 7

4 7

2 7

0 7

4 7

2

2

1

1

3

3

1

3

1

1

0

2

0

7

7

5

9

9

7

6

6

4

8

8

4 3

4 4

4 4

4 4

4 4

4 4

4 4

5 2

5 2

5 2

5 2

5 3

5 3

5 3

5 3

5 3

6 1

6 1

7 6 1

7 6 1

7 6 2

7 6 2

7 6 2

7 6

7 6

7 7

7 7

7 7

7 7

7 7

7 7

8 0

8 0

8 0

8 0

8 0

8 0

8 1

8 1

8 1

8 1

8 1

3't
0.079

0.079

0.078

0.077

0.082

0.077

0.078

0.079

0.079

0.079

0.078

0.078

0.079

0.081

0.078

0.078

0.076

0.080

0.078

0.076

0.077

0.076

0.080

2 0.078

2 0.076

0 0.078

0 0.073

0 0.068

1 0.070

1 0.073

1 0.068

8 0.069

8 0.069

8 0.081

8 0.063

8 0.063

8 0.071

7 0.077

7 0.073

7 0.079

7 0.069

7 0.069

J' Ka' Kc' 8" Ka" Kc"

9 4 6

8 1 7

8 2 7

9 0 9

9 1 9

9 2 7

9 3 7

8 3 5

8 4 5

8 5 3

9 1 9

9 2 7

9 3

9 4

9 5

8 2

8 3

9 1

9 2

9 3

9 4

8 4

9 2

9 3

9 4

8 3

8 4

9 0

9 2

9 3

9 4

9 5

9 6

8 5

9 1

9 3

9 4

9 5

8 4

8 5

9 1

9 3

8

8

8

8

8

8

8

8

8

8

8

8

7 8

5 8

5 8

6 8

6

8

8

6

6

4

8

6

6

5

5

9

7

7

5

5

3

3

9

7

5

5

4

4

8

6

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

8 2

8 2

8 2

8 2

8 2

8 3

8 3

8 3

8 3

8 3

8 3

8 3

8 3

8 3

8 3

8 3

8 3

8 4

8 4

8 4

8 4

8 4

8 4

8 4

8 4

8 4

7

8

8

8

8

8

8

6

6

6

6

6

3't
0.075

0.069

0.069

0.063

0.063

0.073

0.071

0.084

0.079

0.081

0.076

0.079

6 0.077

6 0.082

6 0.080

7 0.077

7 0.073

7 0.069

7 0.069

7 0.079

7 0.074

5 0.084

5 0.079

5 0.085

5 0.081

6 0.080

6 0.076

6 0.072

6 0.075

6 0.073

6 0.079

6 0.076

6 0.077

4 0.080

4 0.079

4 0.078

4 0.082

4 0.079

5 0.079

5 0.078

5 0.075

5 0.O8O

t in units ofcm-1/atm.



TABLE III. Calculated Half-Widths for H20 Broadenedby H2 at 296 K

J' Ka' Kc'
9 4
9 5
8 6
9 4
9 5
9 6
8 5
8 6
9 4
9 5
9 6
8 7
9 5
9 6
9 7
8 6
8 7
9 5
9 6
9 7
8 8
9 8
8 7
8 8
9 6
9 7
9 8
8 8
9 9
9 1
9 2

10 0
10 1
10 3

9 2
9 3
9 4

10 1
10 2
10 4

9 1
9 2

_.l T!

6 8

4 8

2 8

6 8

4 8

4 8

3 8

3 8

5 8

5 8

3 8

1 8

5 8

3 8

3 8

2 8

2 8

4 8

4 8

2 8

0 8

2 8

1 8

1 8

3 8

3 8

1 8

0 8

0 8

8 9

8 9

10 9

10 9

8 9

7 9

7 9

5 9

9 9

9 9

7 9

8 9

8 9

Ka" Ke"

4 5

4 5

5 3

5 3

5 3

5 3

5 4

5 4

5 4

5 4

5 4

6 2

6 2

6 2

6 2

6 3

6 3

6 3

6 3

6 3

7 1

7 1

7 2

7 2

7 2

7 2

7 2

8 1

8 1

0 9

0 9

0 9

0 9

0 9

1 8

1 8

1 8

1 8

1 8

1 8

1 9

1 9

7t
0.076

0.077

0.078

0.078

0.078

0.077

0.078

0.078

0.080

0.077

0.077

0.077

0.078

0.077

0.076

0.077

0.077

0.078

0.077

0.076

0.072

0.072

0.074

0.072

0.077

0.074

0.072

0.066

0.062

0.066

0.066

0.061

0.061

0.069

0.073

0.070

0.078

0.066

0.066

0.072

0.066

0.066

J' Ka' Kc' J" Ka" Kc"

10 0 10

10 1 10

10 2 8

9 3 6

9 4 6

9 5 4

10 1 10

10 2 8

10 3 8

10 5 6

9 2 7

9 3 7

10 1 9

10 2 9

10 3 7

9 4 5

10 2 9

10 3 7

10 4 7

9 3 6

9 4 6

10 2 8

10 3 8

10 4 6

9 5 4

10 3 8

10 4 6

10 5 6

9 4 5

9 5 5

10 3 7

10 4 7

10 5 5

9 6 3

10 4 7

10 5 5

10 6 5

9 5 4

9 6 4

10 4 6

10 5 6

10 6 4

9 1

9 1

9 1

9 2

9 2

9 2

9 2

9 2

9 2

9 2

9 2

9 2

9 2

9 2

9 2

9 3

9 3

9 3

9 3

9 3

9 3

9 3

9 3

9 3

9 4

9 4

9 4

9 4

9 4

9 4

9 4

9 4

9 4

9 5

9 5

9 5

9 5

9 5

9 5

9 5

9 5

9 5

9

9

9

7

7

7

7

7

7

7

8

8

8

8

8

6

6

6

7t
0.061

0.061

0.070

0.080

0.076

0.078

0.072

0.074

0.073

0.076

0.073

0.070

0.066

0.066

0.076

0.083

0.077

0.082

6 0.079

7 0.078

7 0.074

7 0.072

7 0.071

7 0.077

5 0.080

5 0.077

5 0.082

5 0.079

6 0.079

6 0.076

6 0.078

6 0.074

6 0.076

4 0.077

4 0.076

4 0.077

4 0.076

5 0.077

5 0.077

5 0.080

5 0.076

5 0.076

t in units of cm-l/atm.



TABLE III. Calculated Half-Widths for H20 Broadened by H2 at 296 K

J' Ka' Kc' 8" Ka" Kc"

9 7 2

10 5 6

10 6 4

10 7 4

9 6 3

9 7 3

10 5 5

10 6 5

10 7 3

9 8 1

10 6 5

10 8 3

9 7 2

9 8 2

10 1 9

10 2 9

11 0 11

11 1 11

10 2 8

10 2 8

10 3 8

11 1 10

10 1 9

10 2 9

11 0 11

11 0 11

11 1 11

11 2 9

10 3 7

11 2 9

11 3 9

10 2 8

10 3 8

11 1 10

11 2 10

11 3 8

10 4 6

11 3 8

11 4 8

10 3 7

10 4 7

11 3 9

9 6 3

9 6 3

9 6 3

9 6 3

9 6 4

9 6 4

9 6 4

9 6 4

9 6 4

9 7 2

9 7 2

9 7 2

9 7 3

9 7 3

10 0 10

10 0 10

10 0 10

10 0 10

10 1 9

10 1 9

10 1 9

10 1 9

10 1 10

10 1 10

10 1 10

10 1 10

10 1 10

10 1 10

10 2 8

10 2 8

10 2 8

10 2 9

10 2 9

10 2 9

10 2 9

10 2 9

10 3 7

10 3 7

10 3 7

10 3 8

10 3 8

10 3 8

)'t
0.076

0.076

0.075

0.074

0.076

0.076

0.077

0.075

0.074

0.073

0.076

0.072

0.074

0.073

0.064

0.064

0.059

0.059

0.069

0.069

0.068

0.065

0.064

0.064

0.059

0.059

0.059

0.067

0.076

0.070

0.070

0.069

0.068

0.065

0.064

0.073

0.081

0.078

0.076

0.076

0.072

0.069

8' Ka' Ke'

11 4 7

10 5 5

11 3 9

11 4 7

11 5 7

10 4 6

10 5 6

11 3 8

11 4 8

11 5 6

10 6 4

11 4 8

11 6 6

10 5 5

10 6 5

11 4 7

11 5 7

11 6 5

10 7 3

10 7 4

11 5 6

11 7 4

10 8 3

11 1 10

12 0 12

12 1 12

11 2 9

12 1 11

12 2 11

11 2 10

12 0 12

12 1 12

11 3 8

12 2 10

12 3 10

11 3 9

12 1 11

12 2 11

11 4 7

12 3 9

12 4 9

11 4 8

J" Ka" Kc"

10 3 8

10 4 6

10 4 6

10 4 6

10 4 6

10 4 7

10 4 7

10 4 7
10 4 7

10 4 7

10 5 5

10 5 5

10 5 5

10 5 6

10 5 6

10 5 6

10 5 6

10 5 6

10 6 4

10 6 5

10 6 5

10 6 5

10 7 4

11 0 11

11 0 11

11 0 11

11 1 10

11 1 10

11 1 10

11 1 11

11 1 11

11 1 11

11 2 9

ll 2 9

11 2 9

11 2 10

11 2 10

11 2 10

11 3 8

11 3 8

11 3 8

11 3 9

)'t
0.076

0.080

0.077

0.080

0.078

0.078

0.075

0.075

0.073

0.075

0.076

0.075

0.075

0.076

0.075

0.078

0.074

0.074

0.074

0.074

0.076

0.072

0.071

0.062

0.058

0.058

0.067

0.064

0.064

0.062

0.058

0.058

0.073

0.068

0.068

0.067

0.064

0.064

0.078

0.075

0.074

0.071

t in units ofcm-1/atm.



TABLE III. Calculated Half-Widths for H20 Broadened by H2 at 296 K

J' Ka' Kc' J" Ka" Kc"
12 2 10
12 3 10
11 5 6
12 5 8
11 5 7
12 3 9
11 6 5
12 4 9
12 6 7

11 6 6

11 7 4

12 1 11

13 0 13

13 1 13

12 2 10

13 1 12

13 2 12

12 2 11

13 0 13

13 1 13

12 3 9

13 3 11

12 3 10

13 1 12

13 2 12

12 4 8

12 4 9

13 2 11

12 5 7

12 5 8

13 3 10

12 6 7

13 1 12

14 0 14

14 1 14

13 2 11

13 4 9

13 5 8

11 3 9

11 3 9

11 4 7

11 4 7

11 4 8

11 4 8

11 5 6

11 5 6

11 5 6

11 5 7

11 6 5

12 0 12

12 0 12

12 0 12

12 1 11

12 1 11

12 1 11

12 1 12

12 1 12

12 1 12

12 2 10

12 2 10

12 2 11

12 2 11

12 2 11

12 3 9

12 3 10

12 3 10

12 4 8

12 4 9

12 4 9

12 5 8

13 0 13

13 0 13

13 0 13

13 1 12

13 3 10

13 4 9

?t
0.068

0.068

0.078

0.076

0.073

0.073

0.075

0.075

0.074

0.073

0.072

0.062

0.058

0.058

0.066

0.063

0.063

0.062

0.058

0.058

0.071

0.068

0.066

0.063

0.063

0.075

0.070

0.068

0.076

0.072

0.072

0.071

0.062

0.053

0.059

0.066

0.074

0.074

t in units of cm-1/atm.



TABLE IV. Measured and Calculated Half-Widths for the 22GHz line

Temperature K Measuredt
293 0.0710 (+.0.0076)

300 0.0834 (+.0.0021)

t in units of cm-1/atm.

Ref.

7

6

Calculated# % Error

0.085 -20.

0.084 -0.72



TABLE V. Calculated TemperatureExponents for H20 Broadened by H2

J' Ka' Kc'

2 2 1

2 2 0

4 1 4

5 3 2

6 1 6

6 1 6

6 2 5

6 2 4

6 3 4

6 3 3

6 4 3

6 4 2

6 5 2

6 5 1

6 6 1

6 6 0

7 5 3

8 6 3

9 7 3

10 8 3

J" Ka" Kc"

1 1 0

2 1 1

3 2 1

4 2 3

5 2 3

5 0 5

5 1 4

5 1 5

5 2 3

5 2 4

5 3 2

5 3 3

5 4 1

5 4 2

5 5 0

5 5 1

6 4 2

7 5 2

8 6 2

9 7 2

7(200 K)t

0.108

_/(200 K)i"

0.098

7(200 K)t

0.090

7(200 K), [

0.077

0.114 0.102 0.093 0.078

0.108 0.098 0.090 0.077

0.098 0.090 0.084 0.073

0.101 0.092 0.085 0.073

0.081 0.077 0.074 0.066

0.095 0.088 0.082 0.071

0.101 0.092 0.085 0.074

0.101 0.092 0.085 0.073

0.098 0.090 0.083 0.072

0.095 0.087 0.081 0.070

0.092 0.085 0.080 0.070

0.089 0.082 0.077 0.067

0.089 0.082 0.077 0.067

0.083 0.075 0.070 0.061

0.083 0.075 0.070 0.061

0.094 0.085 0.079 0.068

0.098 0.086 0.078 0.066

0.097 0.084 0.076 0.065

0.0720.088 0.078 0.062

n

0.50

0.54

0.48

0.43

0.47

0.29

0.42

0.46

0.47

0.44

0.43

0.40

0.41

0.41

0.44

0.44

0.46

0.56

0.59

0.50

t in units ofcm-1/atm.



Table VI. MeasuredHalfwidths of H20 broadening by He and

Temperature Dependence
Transition _ x 103

3 1 3 2 2 0 21.7_+0.2

3 1 3 2 2 0 21.4_+0.2
3 1 3 2 2 0 21.1+0.2

3 1 3 2 2 0 20.4+0.2

3 1 3 2 2 0 20.1_+0.2

3 1 3 2 2 0 19.6+0.3

4 1 4 3 2 1 20.3_+0.2
4 1 4 3 2 1 19.8_+0.2

4 1 4 3 2 1 19.3_+0.2

4 1 4 3 2 1 18.9_+0.2
6 1 6 5 2 3 24.6_+0.5

6 1 6 5 2 3 20.0i-_1.3
3 1 3 2 2 0 18.0i-_1.8

3 1 3 2 2 0 20.3+2.0

3 1 3 2 2 0 22.0-+2.2

3 1 3 2 2 0 24.1+2.4
3 1 3 2 2 0 29.4+2.9

3 1 3 2 2 0 32.2-+3.2
3 1 3 2 2 0 34.2+3.4

3 1 3 2 2 0 37.2_t.3.7

3 1 3 2 2 0 38.2+3.8
3 1 3 2 2 0 40.5+4.0

3 1 3 2 2 0 39.3+3.9
3 1 3 2 2 0 44.1+4.4

3 1 3 2 2 0 46.9+4.7

6 6 1 5 3 2 50.0-+25.0

6 6 0 5 3 3 30.0-+15.0
7 6 1 6 3 4 50.0-+25.0

7 6 2 6 3 3 30.0!-_15.0

8 6 3 7 3 4 80.0i-_40.0
12 5 8 11 2 9 40.0i-_20.0

13 4 9 12 3 10 50.0i-_25.0

t in units of cm-1/atm

T/K n
300. 0.39-_.10

315. 0.39_+0.10
330.

360.

375. 0.39-+0.10

390. 0.39_+0.10

300. 0.34_+0.09
324. 0.34_+0.09

348. 0.34_+0.09
373. 0.34+0.09
300.

293.

597. 0.49-+0.02

444. 0.49+0.02

297. 0.49-+0.02

264. 0.49_+0.02
192. 0.49-+0.02

177. 0.49+0.02
162. 0.49-_.02

144. 0.49-+0.02

120. 0.49_+0.02
104. 0.49-+0.02
103. 0.49_+0.02

87. 0.49_+0.02

83. 0.49_+0.02
- 53.
353.

353.

353.

353.

353.

353.

Ref.

9

9

9

9

9

9

9

9

9

9

"'6

7

10

10

10

10

10

10

10

10

10

10

10

10

10

11

11

11

11

11

11

11



Table VII. H20 broadening by He, N2, 02, CO2, and H2 and the Ratio to the

He-Broadened Value

Transition

1

2

3

Tx 103 Tx 103

Het NEt

21.8 105.

20.4 102.

24.8 96.7

t in units of cm-1/atm

Ratio Tx 103 Ratio

O2t

0.21

0.20

0.26

69.6 0.31

67.1 0.30

63.7 0.39

T x 103

CO t

Ratio

157. 0.14

152. 0.13

144. 0.17

Tx 103

H2t

94.7

90.4

85.0

Ratio

0.23

0.23

0.29



Figure Calculated H2-broadened halfwidth for the 22 GHz line of H20

as a function of order, Q, of the atom-atom potential. Open

circles and solid squares correspond to T=293 and 300K.
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Figure 2 Percent difference calculated minus estimated halfwidth versus

(J"+J')/2. Solid squares and + symbol correspond to average

and polynomial method respectively.
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Figure 3. Calculated temperature exponents (see Table V) versus ,.I".
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Figure 4. Calculated temperature exponents (see Table V) versus Ka"

for transitions with J"=5.
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